Form and function are related! Ever since Aristotle we have known that the idea of a form-function correlation implies more than that the form has been shaped by function. The correlation is of interest because it implies some benefit for the individual that displays it; i.e., wings are assumed to be beneficial for a hawk and fins for a herring (Williams, 1966) . The concept that form is of utility to the individual is subsumed under the heading of adaptation, examples of which are extremely obvious; however, the idea has led to some confusing misinterpretations.
About ten years ago we were faced with a major attack on the reality of adaptation. The initial statements (cf. Lewontin, 1978) listed some unequivocally adaptive aspects, but mainly noted the difficulty of documenting that a particular phenotypic aspect had indeed arisen by selection for its present function. This was followed by arguments for structuralist explanations in the famous "Spandrels of San Marco" paper in which adaptationists were explicitly branded Panglossian Lewontin, 1979, 1982) . Repeatedly during the next decade, the popular and semipopular literature was used to imply that adaptationist explanations of structure were false or incomplete, and that the practitioners of the adaptationist "programme" were 1 From the Symposium on Science as a Way of Knowing-Form and Function presented at the Annual Meeting of the American Society of Zoologists, 2 7 -30 December 1987, at New Orleans, Louisiana. fools, "vulgar" Darwinians, panselectionists or worse (Gould, 1980 (Gould, , 1985 Lewontin, 1981a, b) .
Particularly Gould has written widely and often skillfully in the semipopular literature (which he and others cite in more technical papers). A variety of later articles and studies have picked up the argument {e.g., Jaksic, 1981; Reid, 1985) , sometimes branding students of adaptation as holding most simplistic views. The attack has led to enough confusion to justify the present review of what to some of us should be deemed a restatement of the obvious.
It is important to note that in this literature the explanation of cases seems to oscillate as does the definition of terms; this makes it difficult at any time to determine what the concepts were intended to mean when they were used. Most important, adapted structures are defined as only those that arose historically for their present roles. This allows the argument that adaptation is a rare phenomenon, with many of the cases in the literature representing something else, even accidental matching. Complaints refer to the documentation and logic underlying arguments for adaptation but counter arguments often are accepted on even flimsier evidence. Developmental plasticity and behavioral variants tend to be ignored as is the variability of the system. Furthermore, adaptationists are assumed to believe that everything is "optimized," a term which inappropriately becomes equivalent to "perfected."
The initial comments suggesting caution in the application of adaptationist explanations were actually well received by professional biologists. The long-term acceptance of adaptation as a mechanism had led to lack of explanatory rigor in the popular, semipopular and even professional literature; evolution and selection were seen as the ultimate causes underlying animal form. One encountered statements such as "buffalo are adapted to eat grass" or "buffalo evolved to eat grass," neither of which contains more information than does the simpler "buffalo eat grass." Such lack of rigor commonly involved students for whom theoretical concepts of adaptation are peripheral. Some, who had only incidental acquaintance with the area, did not know the risk of misunderstanding and paid no attention to the nicety of definition. However, even professional statements about adaptation often omitted key arguments in the middle of a sequence as being "obvious" to the reader, a didactic practice that occasionally masked error. However, the recent sequence of antiadaptationist arguments seemed to represent more and more of an overkill and the entire body of such literature deliberately destructive. The key point is best exemplified by Hull (1986) , who notes that the mistakes due to facile use of adaptationist explanations "would be only of parochial interest to evolutionary biologists if it were not for the extension of adaptationist explanations to the human species." Indeed, the most trenchant examples in the Spandrel's paper and assorted articles concern applications to human biology (see also Kitcher, 1985) . Many of the recent anti-adaptationist arguments seemingly represent attempts to state positions relating to human evolution. One feels that a justified concern for the misapplication of their science has led some authors to a general negation of adaptive explanations. The ends of this anti-adaptationist project may be commendable, but they do not justify the means.
I hope in the present review to document that adaptation exists and represents the major basis of the match of form and function. In short, "Organisms are designed to do something" (Trivers, 1985) . However, I shall also stress that the underlying adaptive mechanisms are much more complex than sometimes assumed, so that the formfunction relation should not be taken for granted. The complexity has led to misunderstanding, witness the spurious conflict between developmental and functional constraints. Most important, there is no reason to expect perfection or optimization in any simple match. Whatever their ultimate aim, the Gould/Lewontin arguments have led to more rigorous analysis of the terminology of adaptation.
EXAMPLES
Adaptation was a key aspect of biology, long before Darwin (1859) documented that selection was a process that would lead to a form-function match in which the function was advantageous to the organism. One could easily assemble more than 10,000 references addressing the concept in more than passing (cf. Grant, 1963; Gans, 1966; Williams, 1966; Stern, 1970; Krimbas, 1984) . This seems inappropriate in the present framework! I propose instead to offer some examples and then to provide definitions of the way in which adaptation has recently been used and how these usages may underlie some of the confusion referred to above.
First, let us consider some examples of the potential complexity of the form-function match. We all know that bats use sonar to orient themselves in the dark. The echoes of the sound pulses they emit also serve to tell them of the instantaneous position of their insect prey. Yet many species of moths, for whom these bats are major predators, elegantly avoid their predators. Moths generally use sonic signalling, producing and hearing sounds (Blest et al., 1963) . As soon as the ears of some moths detect the sonar pulses, the animals dive in a characteristically erratic pattern and often succeed in hiding among vegetation until the predator has passed. However, these moths in turn are parasitized by small mites that deposit their eggs in the moth's ear cavity. However, this usage as a Kinderstube incapacitates the ear and likely reduces the bat-detecting ability, which will have a negative effect on the ability of the moth to escape bat predation and in turn on the survival of the mite's brood.
Dr. Treat, a student of these mites, was interested in the frequency of moths with parasitized ears (1975) . To his surprise, he noticed that, when the gravid female mite climbed onto a moth, she did not deposit her eggs in the first ear reached. Rather she "rummaged" about, perhaps searching for a mite pheromone trail. Only if this was absent, both on the first and on the second ear did she oviposit. If she found either ear already parasitized, the female mite either used the already occupied chamber or got off at the next flower; there waiting for the passage of another moth. Clearly, the behavior mediated by the form of the mite's nervous system kept it from generating deaf moths that would not be able to keep the mite's brood from bat predation; it thus promoted a role that substantially increases the survival of its brood.
The integument of many animals camouflages them by duplicating the reflective coloration of the environment they occupy. It has long been assumed that this matching of the background color makes it more difficult for the predator to discover potential prey. Two decades ago, Norris (1967) attempted to test this for some lizards occupying rocky outcrops in the sand deserts of California. To quantify the color matching of animal and substrate, he used reflectant spectrophotometry. The matching was beautiful and the animals always reflected the color of the particular substrate. However, the most convincing support for the camouflage hypothesis was that the color matching was strongest in the visual range of the predators. Outside of this range the color differed from that of the background.
In East Africa, there are local populations of butterflies some of which feed on noxious plants and sequester the poisons these produce (Clarke and Sheppard, 1963; Sheppard, 1975) . This endows them generally distasteful, and observations indicate that bird predators avoid these species. The butterflies apparently facilitate the bird's recognition of their noxious aspects; they display bright colors in characteristic patterns. Local ranges of these species are overlapped by those of a much more widely ranging swallowtail butterfly, which lacks noxious properties and hence makes desirable prey. Wherever the range of this species overlaps that of the noxious butterflies, the harmless species mimics the color and pattern of the noxious one. Experiments indicate that many predators cannot distinguish model from mimic and so the coloration presumably achieves substantial protection. The fact that the association is not accidental is indicated, among other things, by the observation that multiple distinct noxious species are involved. Also only part of the population (generally only one sex) of the very common, palatable species plays any one mimicry game; part of the remainder may have a different coloration. Sometimes these butterflies may mimic a second local species and they also change the model across their range. The number of mimics is restricted to a fraction of that of models (the exact ratio reflecting the nastiness thereof); this assures that attacks by predators on animals bearing the characteristic warning pattern will only rarely result in the capture of individuals that are tasty rather than noxious. (Another such case involves the color resemblance among Central American coral snakes and various local colubrids [Greene and McDiarmid, 1981] .) Such cases of a form-function match represent elegant examples; however, the conditions they characterize are hardly unique. For hundreds of years, people have observed and commented on the "beautifully elegant" way in which the structure of organisms allowed them to make their living or to survive in the circumstances in which they were observed in nature. Such observations once formed the basis of natural theology, popular in pre-Darwinian days (Gillespie, 1979) . This viewpoint is exemplified in Kipling's poem (Shiva and the grasshopper, 1893) about the contest between the god Shiva and his wife, Parvati, who hid a grasshopper to prove that Shiva would miss the provision of food for at least one creature. Yet when the grasshopper was disclosed, lo, it was chewing on a new-grown leaf provided by Shiva, presumably to match its feeding mechanism! Our explanation of the basis for the phenomenon has changed. We now talk about predators matching available prey, rather than food being provided to predators. Our operative mechanisms are natural and represent variants of Darwinian natural selection.
TERMINOLOGY
Terms such as function and adaptation often have been assigned different meanings. Hence, I begin by offering simple definitions of form, function, role, and adaptation. These will be followed by considerations of the way adaptation originates, of biological variability and the limitations of optimization. I will conclude with operational approaches to the test for adaptation.
We don't have to worry much about complicated definitions of "form." By and large, the term implies some aspect of the phenotype of the organism (cf. Anonymous, 1980) . Phenotype in this sense implies structure, but we must remember that structure may define, for instance, metabolic pathways and neuronal architecture, thus constraining physiology and behavior. Furthermore, discussions of "form-function complexes" or the "form" of a species, should always keep in mind that the form must be specified for more than a single individual; members of a population will differ depending on their sex and even more on their age. Many populations (such as the snakes discussed above) display polymorphism, the genetic basis of which currently is still subject to debate (Boag, 1987; Smith, 1987) . Variations and differences among the phenotypes of a species will affect the degree of the formfunction match as this must be established independently for the form of each and every "typical phenotype."
The term "function" is more problematical as it implies performance, the multiple attributes of a phenotype or those things which it does. Depending upon the way it is examined, any phenotypic element will have a variety of attributes. Most obvious to a human observer will be its appearance noted by the light it radiates or reflects. The appearance differs depending upon the wavelength, witness floral colors that may or may not incorporate ultraviolet so that flowers have a different "form" to the eye of an insect which perceives UV (Silverglied, 1979) . The appearance also changes because of magnification, whether 1,000 or 100,000 times, and also because of sectioning displaying its internal, microscopic texture. Other attributes will be the odor of the phenotype, and its resistance to steady and to dynamic loads, to mention only a few. The reaction of the phenotype to each such set of external influences represents a functional attribute.
It has long been known that only a fraction of such "functions" are of biological interest to the organism (Bock and von Wahlert, 1965) . These are the functions that allow the animals to survive and their offspring in turn to reproduce. This useful subset of the total function contributes to the congruence of the form-function pair. It should be referred to as the "role" of the structure (initially biological role [Bock and von Wahlert, 1965] ), an idea which is very close to Aristotle's concept of a "final cause" (Moore, this symposium). Hence, form-function is really phenotype-role and is so interpreted hereafter. We will see below that other attributes of the form might be incidental to the way that the phenotype was formed during its development or in history (see developmental and phylogenetic constraints).
We see the form-function, i.e., "phenotype-role," match most clearly whenever the role of a structure is extremely important to the survival of the organism. Examples are seen in the ability of the males of many species of insects to detect at very low densities the pheromones produced by their females, and in the specialization of the rod cells of the mammalian eye to respond electrically to the input of a single photon (Hecht et al., 1942) . Hardly anyone would argue that these phenotypes match their roles beautifully! The next term is "adaptation" which unfortunately means at least two quite distinct things (Fisher, 1985; Regal, 19856) . The first definition makes adaptation the "functional" aspect of the structure, it is the aspect that allows the present organism to survive and in turn to produce fit offspring (Ridley, 1986) . Hence it is another aspect of current role. A second and quite different usage of the word assumes that adaptation refers to the process of becoming adapted to the present role (cf. Cracraft, 1981) . (This meaning is hidden in the etymology of the term adaptation, leading to the term aptation; Gould and Vrba, 1982.) In the first definition, adaptation is obviously a current state, and it is often argued that adaptation in this sense represents a tautology, i.e., the animal is surviving, hence it must be adapted! However, this is inappropriate as adaptation will be seen not to be an absolute concept. Rather it is relative and there are degrees of adaptation and degrees to which observed adaptations are heritable (Clutton-Brock and Harvey, 1979) . Consideration of different individuals shows that for any set of circumstances some sets of adaptations will be more effective or efficient than others. See, for instance, the variation in holes bored by predatious gastropods. A look at the recent, and even the fossil record, has suggested that many of the attacks were unsuccessful (Benton, 1986) . In short, not all predators could overcome all prey. Still, adaptation in this first sense represents a present condition and few would argue that it does not exist.
In the second definition, adaptation means becoming adapted to the present role and this is where many of the recent troubles have arisen. Certainly, many and perhaps most adaptive structures arose in other habitats. Their forms then had different roles. However, the term adaptation defined as a process, refers to fitting organism to environment, i.e., the development of forms that will perform a more useful role.
Hence, this second usage of the term adaptation is intrinsically quite different from the first. It does not ask one to describe a present condition, but treats a historical process. It is unlikely that the phenotypes seen today arose in Recent time and, of course, it is almost certain that the environment has changed in the interval.
Consequently, the second usage of adaptation demands information about the way in which the phenotypes and presumably, their roles, were initially generated, how they were modified and refined as well as how they are maintained. Approaches for such study are given in the last section.
This usage of adaptation as a process has often been misunderstood. First, even people who understand that current adaptation does not necessarily imply development of the form by the influence of the current role tend to imply such an origin by use of a kind of shorthand which may be misleading or even wrong. Second, there is general acceptance that natural selection has formed phenotypes but less general understanding of the mechanisms involved and of their intrinsic limitations. As noted before, the linkage of current (adaptation, role) and past adaptation (evolution) occurs in every day speech, in popular writing and even more in introductory text books; most regrettably, it often creeps into some kinds of papers that note evolutionary topics only peripherally. (Such remarks tend to sneak in because it is sometimes appropriate to add some incidental generalizations at the end of an observational or experimental study. By then, one may be loath to think through all possible implications; one's primary investment seems to lie in the generalizations as opposed to the data.)
The definitions should make it clear that understanding of the system, and resolution of the problems that seem to be appearing in the literature, require answers to the question of how present phenotypes arose, and how the adaptation we now see was generated.
THE PROCESS OF ADAPTATION
The starting point should be the observation that current animals are more or less adapted (in the first sense) to the particular situations they occupy; from this we may deduce that past animals also were. This means that discussion of any change, leading to a shift of adaptedness, has to start with a precursor population of individuals, members of which were adapted to the circumstances in which they occurred. Implicit in any such statement must be that each such population likely would have been variable both phenotypically and genotypically.
At least two kinds of adaptive change may occur in situ. The first would reflect a variant in genotype due to factors such as mutation, recombination, and interbreeding with another species (i.e., introgression), with some resulting phenotypes being better than those previously existing. The probability of improved adaptation due to such a phenomenon is finite but rather small. A second kind of in situ change, that may be more common, results from change of the overall environment; for instance, changes of tectonic, climatic and ecological factors will impose changed selection on the population. Extreme examples of such environmental change may be the rise of coastlines, an ice age with associated glaciation, and the advent of new predators, food objects, competitors and parasites. Smaller changes may result from changes in the weather, which is notoriously fickle so that we always hear about the hottest summer or the wettest summer-fall-winter and spring, thus keeping the TV forecasters in small talk. The population may respond by evolutionary change or may go extinct. Change may follow any of several theoretically possible trajectories. The smaller the geographic range of a species, the more likely that its adaptive level will respond to local change.
In situ change is likely to represent an intraspecific event. The population size and range need not change. The genetic bases of such changes are complex, and the adaptive values of different allelic combination are likely to differ. Also, in situ change may, of course, produce difficulties for paleontologists. If they only sample such a changing population every hundred, thousand or million years, they will encounter quantum phenotypic change, leading to discussions as to whether or not such samples should be referred to as distinct species.
A third category of adaptive change involves only some members of an initial population without change in adaptive conditions for the remaining group. This is presumably the most common kind of change. Two variants may be seen. In the first, the species occupies a large range in space or time, so that diverse subpopulations likely may encounter diverse circumstances. As local selection may be unique, genetic exchange across the range may be slow enough to permit local differentiation, which represents local change in adaptation. In the second, the range of the species may change due to its invasion of adjacent zones and resultant change of adaptation resulting from exposure to a different but usable habitat.
As the latter kind of adaptive change seems most important, it may be useful to present some examples. Organisms always test the limits of the portion of the environment (habitat) they occupy, although such dispersal may occur at different rates depending on the age of the individual. For instance, seeds may be broadcast by a tree, and most will fall nearby and likely in fertile soil; however, some of them will spread much farther and reach regions that for most years lack sufficient moisture for germination. Can any of these seeds survive there? Will the colonizing population become self-replicating? How many of the hooked seeds that catch the fur coats of some mammals actually result in viable plants?
In another example, newly emergent toadlets of many species march outward from the site of metamorphosis; the distance they travel and their rate of survival is affected by weather conditions of the year. Most migrating toadlets likely will die as they never encounter a situation that their phenotype can tolerate. However, some of the best travellers may encounter a previously unoccupied patch of suitable environment (perhaps a nutrient-rich temporary pond). The process of testing may, for instance, allow expansion of the range of aquatic species during wet years and its constriction during dry ones. Similarly, species may change their latitudinal ranges, for instance coincident with glaciation (Coope, 1977) .
Change of habitat may be temporal as well. Various insects and frogs breed annually with fertilization restricted to a relatively brief period. A minor change in the time during which members of a sub-population are receptive to mating, whether triggered temporally or cued by different temperatures, would result in socalled sympatric speciation. It is easy to forget that such temporal separation will be as absolute as a geographic isolation or a phenotypic difference more obvious to us.
Such testing of the limits of the habitat may modify the range, but it may also lead to the discovery of a situation incorporating substantial new resources of a kind usable by the invaders (Bock, 1959) . The invasion of the new habitat then will be followed by an initial build-up in the numbers of the invading population. Simultaneously, the new environment will, of course, expose the invaders to its characteristic selective regime, which is likely to differ from the original one. Consequently, stability of the new set of resources for a number of generations, might lead to differentiation of the invaders from their ancestral population. We may see change of adaptation which will often be sufficient later to lead to speciation away from the parental population. The greater the difference between the original conditions and those in the invaded zone, the greater will be the tendency to change the genotype frequency of the invaders.
This pattern of invasion and colonization of a new environment may be modelled by study of real invasions (Simberloff, 1969; Pickett and White, 1985; Drake and Williamson, 1986; Regal, 1986; Lewin, 1987) . There are invasions of empty regions {i.e., volcanic islands and those emptied by catastrophies) and invasions of zones that already have some kind of biota (i.e., islands and mountain tops). However, the frequency of success is very low; indeed, success results from repeated attempts by potential invaders and often the initial success will be due to behavioral change.
Success and the trajectory established depend partly on the phenotype of the invading individuals and the extent to which this allows their survival during their initial discovery of the new set of opportunities. It also reflects the characteristic of the intermediate zone. For example, the probability of a shift from an environment with low salinity to one with medium salinity will be reduced if the two environments are separated by a zone of high salinity. Thus, species adapted to estuarine situations can only invade other estuaries if they can tolerate or bypass the oceanic region between the river mouths.
We may, in retrospect, refer to members of populations that were capable of colonizing such a different area, as having been "protoadapted" for it. Such protoadaptation (once preadaptation-which had earlier referred to orthogenesis, cf. Gans, 1979 ; and more recently exaptation, Gould and Vrba [1982] ; Bock's [1976] paraadaptation refers to an almost identical phenomenon) only implies a successful historical accident. Stout fins may allow fishes with lungs to shift to a terrestrial life, but fins and lungs had different origins. Very rarely one notes that a successful invasion does more than to expand a simple habitat; then, selection in the newly discovered zone discloses "key innovations" ("evolutionary novelties," Mayr [I960]; "broad adaptations, " Schaeffer [1965] ) that facilitate the colonization of other related habitats (and perhaps further evolution therein). Naturally, protoadaptations and "key innovations" only take their meaning ex post facto; furthermore, it is likely that their initial appearance represents a simpler state than that noted in later descendants. Many socalled macroevolutionary changes fit into this category. The next point then must be determination of why the phenotypes of most members of any population allow them to invade new environments.
VARIABILITY AND CONSTRAINTS
Obviously, the phenotypes (and genotypes) that permit the successful colonization of the new environment are a subset of those carried by the environment's discoverers. What factors give individual members of the original population a chance to colonize, i.e., to survive under changed circumstances? Two overlapping phenomena need to be discussed, namely intrapopulational variability and excessive construction.
Discussions of a form-function, i.e., "phenotype-role," match often tend to ignore the existence of the former, but intrapopulational "variability" is one of the key characteristics of organisms (Bennett, 1988; Feder, 1988) . We have already noted the differences between the sexes, the changes that occur during ontogeny and other polymorphisms (as in the butterfly example). Consider the differences between a newly born, blind puppy and an older and playful puppy, and between these and a mature adult dog. The roles of their changing phenotypes also change. It is important to note that the match of structure and role must change during ontogeny; one would expect the match to be loosest at the time of transition of phenotype, i.e., at times of hatching and metamorphosis. Witness that although most of the phenotypic shift from caterpillar to butterfly takes place within the pupal case, there is the brief interval during which the emergent butterfly has to spread and dry its wings. Also, we see individual variation for all such categories. First of all, any phenotype is obviously influenced partly by genetic and partly by environmental factors. Even a population with a constant genotype (such as a clonal one) will display some phenotypic variability, because the environment is always variable. The top and bottom of a nest will differ in temperature and humidity, as will the chemistry and structure of its walls. Growth and structure of the posthatching individual are likely to be affected by the weather. Then, there are also accidental variants, scars encountered in falls, phenotypic changes due to encounters with parasites or predators. All represent one category of environmental effect, although their expression may be genetically determined and they may represent statistically predictable phenomena. To the extent that the phenotypes differ, they may permit the individuals to maintain themselves in slightly different habitats.
"Excessive construction" is just a fancy name for something that is always with us (Gans, 1979) . It refers to the fact that most individual phenotypes will at any one time be able to tolerate more severe conditions than the minimum seemingly required of members of the parent population, i.e., most of the time the organism has "reserve" capacity and is able to do more than what is required at the moment. Such excessive construction has several causes. First of all, genotypic instructions always are read off against a poorly predictable environment. If there is selection for a target value, genetic and developmental variability both will eventually produce phenotypes greater or lesser than this; the degree of excess is based on the variation likely in the environment. Next, organisms often use their characteristics at a relatively low level; for instance, individuals may have the metabolic scope for fast and sustained locomotion, but mostly travel at a slower and less persistent pace (Hertz et al., 1988 ). An extreme of these causes for excessive construction is the influence of rare (but important) events, such as the demands of the mating season or the advantage of resistance to infrequent fires in the bark of trees (Gans, 1979) . Excessive construction suggests that the vast majority of individuals of any species have "reserve capacity" for some aspects and currently will be able to survive conditions more stringent than those which the parental population encounters.
Probably, the occurrence of excessive construction has the byproduct of allowing organisms to widen their adaptive situation. It also facilitates more fundamental environmental shifts and the invasion of new habitats discovered during the regular process of testing the current limits of their range. Excessively constructed variants may then be able to pass the barriers defining the normal range of any population and occasionally to locate, invade and occupy new habitats. They facilitate protoadaptations for different ways of making a livingAny individual successful invaders will incorporate only a fraction of the population genotype leading to the important concepts of population bottleneck, founder effects and genetic drift (Wright, 1948 (Wright, , 1955 . As the successful invaders immediately encounter selection for the unusual and perhaps drastically different situation, genotypic change may follow rapidly. This very simple set of ideas characterizes a sys-tern in which selection can fairly rapidly lead to rather profound changes in phenotype; for the vast majority of cases, it removes the need to look for evolution by special saltational or other mechanisms.
How GOOD IS THE FIT?
The concept of form and function and the often obvious role of the phenotype has tended to suggest idealistic perfection. Such ideas of phenotypic perfection may well be a holdover from natural theology when it was argued that the form-function match must be perfect because it reflected the "wisdom . . . manifested in the works of creation" (Ray, 1691) . Also witness Lyell's (1832) pre-Darwinian reference to the "fitness, harmony and grandeur" of nature, and statements such as "nature . . . gives us . . . objects of interest, or images of beauty" (Bell and Wyman, 1902 , written 50 years earlier), which just substitutes the concept of "Nature" for a deity. However, we will see clear indication that perfection is neither common nor necessary to the organism. Early discussions leave it unclear whether the perfection applies to one particular aspect (characteristic) or the totality of the phenotype.
Demand for perfection has led to prolonged objections of the concept that some aspects of organisms might be adaptively neutral (Kimura, 1983) . (The acceptance of the concepts of neutrality and drift should not imply that every claim for these is indeed valid. Nor should their occasional existence have much bearing on the reality of natural selection.) There are many reasons why perfection in any of its guises is both unlikely and a non-operational concept.
Certainly, any naturalist encounters individual organisms that are obviously inadequate, due to damage by accident, disease or parasitism or are in the process of being eaten by a predator. Then there are the transitions in metamorphosis, the above-mentioned pupa to butterfly and the tadpole to froglet. Also, phenotypes will be damaged by events that occur routinely during life and yet the organism functions well. Witness the scars on the head of dominant male ungulates or on the trunk of male walrus. The apologia that the "typical" (undamaged or invariant) individuals might have been perfectly adapted is inappropriate. For instance, the feet of a population of adult arboreal lizards collected in South America proved to have from three to four (rather than five) claws, the remainder having been damaged and lost (Rand, 1965 ); yet such animals seemed to move without handicap. Hence, the fivetoed condition was not a state perfectly matched to its role; rather the foot of such a lizard and the head skin of a male ungulate can perform their respective roles even though damaged by common biological events.
Several other factors would limit approximation of the form-role match to a perfect state. Genes are pleiotropic (each genetic unit contributing to several characters); also many genes will be involved in forming any phenotype. Then there are factors, such as genetic linkage, so that selection for any genetically affected aspect will involve others. The adaptive improvement of the first aspect likely will be delayed (or may be limited) while other expressions of the genes are matched to the overall genotype. Another factor is adaptive compromise, defined as the phenomenon that each structure is likely to participate in more than one role; these roles may conflict, keeping each from being optimized.
An example of adaptive compromise may be seen in the ventilatory system of adult frogs and some salamanders. Lung ventilation in post-metamorphic animals depends on a broad, buccal frame, the soft tissues of which can be lifted rapidly to drive air into the lung. In most of these species, the buccal volume is then related to the requirement for a single lung-filling cycle which establishes a very definite minimum buccal size. However, the feeding patterns of these animals may produce quite different demands on the buccal cavity. Many frogs then rely on various anterior kinds of projectile tongues that are anchored to the mandibular symphysis; also, no frog appears to have developed the inertial feeding patterns so common and successful in Recent lizards and crocodilians (Gans, 1974) . One family of salaman-ders which has lost their lungs and restricted gas exchange to their exterior, was able to resolve the compromise in a different way; the floor of the liberated buccal cavity serves into a base for a projectile tongue. Another kind of constraint is suggested by the compromise seen in elongate reptiles between the cost of diametric increase on locomotion and the demands on coelomic space for reproduction and for feeding (cf. Gans et al., 1978) .
Perhaps the best example for an adaptive compromise is sexual selection. The various secondary sexual characteristics may have costs in terms of mechanical optimization of feeding, locomotion and other daily activities. Peacocks and male bowerbirds are not optimized for aerodynamic ability. The bright red head of the sexually mature males of some agamid lizards hardly represent good camouflage. Improved mating success seems more important in these species than is flight effectiveness or predator avoidance.
Recently, there has been an argument for a so-called symmorphosis, which suggests that when a physiological process involves multiple steps, the factor of safety will be equal for each (Taylor and Weibel, 1981) ; the conceptual difficulties with this idea suggest that further tests would be desirable (Garland and Huey, 1987) . In some such cases we deal with a situation analogous to what is in engineering practice referred to as a factor of "safety"; the causes are different although the term seems to be instantly recognizable by students.
One byproduct of the assumption of perfect matching may be seen in the discussion of various kinds of biological constraints, phylogenetic, developmental and constructional. For instance, only a limited number of the geometrically or mechanically possible phenotypes are observed (Alberch, 1980; Alexander, 1985) ; however, this should be expected rather than providing grounds for astonishment. Thus, the ancestral organisms had a particular genetic-developmental mechanism the nature of which determined the variation seen in their immediate offspring. Of course, such mechanisms limit the phenotypes we observe! Similarly, the genetic instructions of the ancestral organisms limit the materials synthesized in animal bodies, as well as the sequence in which these form; hence, these limitations certainly constrain the forms we observe. No animal has yet synthesized materials equivalent to titanium crystals or fiberglass. Enamel, dentine and fibrous cartilage are the closest to such materials. For any general body pattern {e.g., fish, eel, whale, snake) we see improvisations on common themes. (The discovery of such similarity led to the concept of archetype as one of a number of underlying plans which all members of a group of organisms, whether fishes or crabs, are trying to achieve. However, the commonality probably reflects mainly the limits up to which the genetic heritage and biological materials of an organism allow relatively facile change.)
It is useful to note that survival in a habitat demands that the organism meet certain necessary minimum conditions, but particular roles need not establish requirements beyond sufficiency. Certain amphibians have become miniaturized and prove to be very successful in particular habitats; their feet may require only a small contact area and multiple species retain only four toes. The toe loss apparently occurs differently in salamanders and frogs, the former losing digit five and the latter digit one (Shubin and Alberch, 1986) . Apparently, the reduced surface area is both necessary and sufficient; however, the pattern of toe reduction does not matter from a functional viewpoint and each group presumably utilizes its own developmental sequence as being that easiest to generate.
The concept of sufficiency (or adequacy, Bartholomew, 1986 ) has been nicely illustrated in a recent book by Bradshaw (1986) . He notes that the great success of desert lizards reflects less their special adaptations to desertic conditions, than the general capacity of all lizards for dealing with problems of heat, water and a variable internal environment. He sees this as an argument against specific adaptation; however, lizard characteristics seem to represent key innovations for terrestriality and desert lizards displaying them need compete only against other lizards. Hence, specific adaptation appears on this level.
One only has to look at horse and elephant dung to see that these animals are not perfect. They, and also tadpoles, "high grade" their food, extracting only a small fraction of the potentially available nutrients from the plant material they are sampling (many sparrows and dung beetles make an excellent living out of what is left over). In contrast, cows and monitor lizards as well as many reptilian herbivores extract a much higher fraction of the original resource. The high-graders do obtain an additional advantage by spreading the seeds of their prey plants; however, the key is that even the "inefficient" utilization of a very large resource provides sufficient resources for maintaining very substantial populations over extensive areas.
The concept of perfection is even less useful in application to the nature of ecological colonizations. This is true despite the popular assumption that speciation implies improvement, in common parlance interpreted as greater efficiency. The critical concept for a successful invasion is that the new situation need only provide a pool of resources sufficient so that the available space-energy-nutrients allow support of a population at the efficiency level at which the organism operates.
Success in a new habitat may require only that the invaders be able to survive a temporarily restricted period of adverse circumstances. In many parts of the world, fresh water habitats include highly productive swampy zones. However, such environments commonly suffer partial desiccation, often associated with reduction in the amount of dissolved oxygen. This makes them briefly, but absolutely uninhabitable for those fishes that must obtain all of their oxygen from the water via their gills. Whatever the duration of the anoxic conditions, the event will wipe out all purely gilled fishes. However, any fish that also manages temporarily to utilize gaseous oxygen, no matter how inefficient, suboptimal and imperfect its oxygen extraction process, can maintain itself in the area and gain access to its substantial resources. The initial steps may well be behavioral (Gans, 1970; Bartholomew, 1988) . Among Recent teleosts, we see experiments in utilizing bubbles of air and extracting their oxygen in the mouth, branchial pouches, and gut diverticula (Gans, 1971) . Such devices will be useful immediately, long before the circulation has been modified or the gas extraction process has attained the efficiency routinely seen in fish gills. This concept, that initial invaders may well be inefficient, may provide the ecological dimension for survival of the small populations in which founder effects and genetic drift as well as selection lead to new adaptive modes (Wright, 1955) .
Naturally, the invasion and protracted occupancy of a new situation changes the selective regime and one would expect to see selection for the multiple specializations that might improve the effectiveness of the phenotype. However, such subsequent improvement within the population will be constrained by compromises with other biological roles, and the constraints of existing genetic, developmental and structural aspects. All of these could be influenced by the initial conditions of the organism, the environmental circumstances which affect it and the length of time that this system remains stable or oscillates. Whether a population adapts along one trajectory or another is in effect random-nature does not prescribe or predetermine the role that the organism fills.
How TO STUDY ADAPTATION Study of the form-function, i.e., "phenotype-role," relation then requires determination of the past and present biological roles of the phenotype. This obviously poses problems because we cannot examine the organisms at the time at which the biological changes presumably occurred (Rudwick, 1964; Regal, 1985a) . Hence, we tend to operate by studying the current adaptations of organisms and extrapolating from these to the historical changes. Sometimes we discover fossils that help in this process. However, the analysis is difficult because the intrinsic imperfection of structure does not allow detailed extrapolation of roles from current or past structure. The phenotype only tells us what the animals could and could not have done, but does not indicate the fraction of this array of aspects they actually perform(ed). With this, we are left to a consideration of the major functional aspects and face some degree of uncertainty about their minor tuning.
Even within the Recent, the determination of role poses some substantial problems (Gans, 1974, 19886; Bock, 1980) . Initially, one needs a time budget, preferably over the life cycle of several members of the species to know how often parts of the phenotype may be used and how important they then are to the organism. In this, one is reminded of the fact that constraints affect not only the phenotype but the time dimension as well. Observation of a statistically representative sample of the stages and sexes of an organism throughout the organism's life cycle presents a major task. Hence, analyses tend to be subdivided and several comparative techniques are used to compensate for this difficulty. One of these is the study of more or less related forms occupying distinct habitats, another the study of species in which roles of interest are highly specialized and involve an extreme solution (Gans, 1974) ; the selective effect of role on phenotype then facilitates recognition of the particular adaptation.
Should a particular phenotype-role (ex. form-function) match occur repeatedly in association with a particular behavioral or environmental aspect, one may test the assumption that there be a causal explanation so that one is dealing with a role. The greater the number of species being compared, the less likely that the result will be biased by selection of an aberrant species. As the analysis is designed to partition among multiple genetic and environmental factors one must compare multiple species differing in the factors involved. The situation is analogous to the mathematician's need for at least as many simultaneous equations as there are unknowns (Gans, 1985) .
The need to compare forms among species of organisms requires the utilization of morphological terminology (Gans, 1985) . The phenotypes of any recent organism allow us to study their form and materials, the developmental causes by which these are generated (indeed the heritability of each such) and the roles these perform. These aspects may be examined in ever greater detail by modern techniques utilized by students of anatomy, development and functional morphology. However, the determination of the causes of similarity (and dissimilarity) requires very careful phylogenetic comparison. Aspects of the phenotype of various organisms may be similar because of shared ancestry (homology), accident (homoplasy), and because of shared function (analogy). Analogy may involve both homologous and homoplasic structures, so that one refers to homologous and homoplasic analogy. Some kinds of the former reflect parallelism, i.e., equivalent genotypic change in closely related lines. Homoplasic analogy often results from convergence (the similar shaping of unrelated organisms by common environment) and it is argued that it provides the best test of role. As noted above, analogy as a cause of similarity is a difficult explanation as the similarity may have arisen in the past (historical, rather than current analogy), so that the operant influences can no longer be observed. This scheme seems simply logical; however, the decisions required depend on the rigor of the associated classification. Placement of animals on cladograms or their equivalents tend to precede the analysis of adaptations (but see Reid, 1985) . Phylogenetic arrangements provide opportunity to test whether similar structures represent parallelisms or convergences. More important, they provide a basis for determining and testing the direction (polarity) of evolutionary change within a particular lineage (cf. Lauder, 1981; Huey, 1988) . This is critical as we repeatedly see equivalent changes in multiple parallel lines; cladograms provide tests for the causative features of historical analogies (cf. Shine, 1987) .
A separate set of questions asks about the units being selected for, a condition therefore being that the functional characters involved in roles should be heritable;
we now see successful efforts at approaching this in particular cases (Arnold, 1986) . The possibility of resolving the pattern of historical analogy is of course most facile in those few cases in which its role has remained operative. An example is the nice correlation suggesting that the vertical migration behavior of zooplankton is a response to the existence of certain predatory fishes (Gliwicz, 1986; Huntington and Metcalfe, 1986) .
It must also be noted that there is a suite of phenotypic plasticity which reflects environmental effects, such as the temperature at a particular stage of development (cf. Stearns, 1982) . Physiologists refer to these as acclimations or adaptations (Prosser, 1986 ), this being a completely different usage of the latter term. The response often is advantageous to the organism, but it does not need to be this (Bradshaw, 1986) . Advantageous or not the capacity for acclimation must be genetically determined and acclimated characters must have been subject to selection. Physiologists also refer to a useful modification of the idea of perfection, namely optimization, which tends to represent the best level of improvement possible under the evolutionary circumstances (Gans, 1983; Lindstedt and Jones, 1988) . Hence it takes into account developmental and other constraints, acclimation, excessive constructions and adaptive compromises.
Biologists have long known that recognition of role demands study of the time budget and other aspects for the organism as a whole, indeed for many members of its population. However, each activity tends to involve multiple aspects of the phenotype and each aspect of the phenotype may be involved in multiple activities. This leads to arguments for a "holistic" approach. Holism is a vague term, variously defined, suggesting that all aspects of the organism need to be looked at simultaneously. In the real world, this is, of course, quite impossible unless one chooses to shift ever more closely to the status of a superficial dilettante. As documented by the talks that follow, most biologists practice some level of reduction (cf. Alexander, 1987 , for a discussion of such concepts). They study one process and in enough detail to allow them to utilize modern techniques and provide a satisfactory level of reliability. However, it is hoped that such students will always keep in mind the possibility of alternate roles and that they will attempt to determine whether the conditions being studied are limiting.
Recently we have seen attempts to subdivide the tasks of evolutionary biologists into structural and functional aspects (cf. Seilacher, 1970; Dwyer, 1984; Raup, 1972) . A variant of this is the subdivision of morphological features into structural and Darwinian factors (Wake and Larson, 1987) . To a very large extent, form is that with which organisms are endowed and which can only be modified in the long term (involving several generations); initial modification will likely be limited (unless one considers the special case of acclimation or physiological adaptation). However, the organism presumably does not see itself this way and one has to be careful that a convenient subdivision, that may facilitate some analyses, does not lead one into the trap of assuming that structure and function are selected for independently.
Any analysis must allow for the possibility of misinterpretations. A potential one derives from the fact that our interpretation of animals is in the eye of the (human) beholder. Witness, the protracted discussion about the possible role of the beautiful iridescence seen whenever the skin of subterranean uropeltid snakes is viewed in the sunshine. Reanalysis (Gans and Baic, 1977) , shows that the colors are a byproduct of the surface architecture of the beta-keratin. The pattern inhibits wetting of the snake's surface and reduces its frictional coefficient allowing such animals to move through tunnels with minimal drag.
Also important is the requirement that the tools of functional analysis be appropriate and carefully used. For example, force applications about joints have traditionally been analyzed by considering muscles to be force-generating systems so that the moment arms of their insertion sites seemed to be important descriptors. However, this comparison is not appropriate if the physiological properties of shortening fibers are taken into account. Each sarcomere is then seen to generate a unit of moment because the excursion and velocity also reflect the distance of the insertion from the fulcrum; they reduce the force as the moment increases (Gans, 1988a) . Hence, comparisons of moment arm without consideration of excursion test inappropriate questions. Our increasing understanding of biomechanical factors has to be incorporated in analysis.
Most important for the identification of roles is the reminder that the possibility of falsifying a particular biological role, will never be equivalent to proof of an alternative one. Nature is complex and we must expect more than a single pair of potential roles. The alternative may have been properly selected, but it remains critical that other possibilities continue to be tested. For this phase, experimentalists concentrating on the techniques of physiology and functional anatomy must pay attention to, note the results of and perhaps become expert in, studies of behavior and ecology, i.e., of the natural history of their animals. Field observations may be the closest we come to time budget analyses and to an understanding of the potentially possible roles that may be of interest to the animal. CONCLUSION We can see that the form-function {i.e., "phenotype-role") analysis derives historically from an attempt to understand the diversity of organisms. This led to the recognition that the observed form of organisms facilitates functions useful to them, i.e., organisms are generally adapted at the present time. The matching of the most conspicuous aspects of diversity to the current needs of the respective organisms was already known to Aristotle. However, it took more than two millenia to reach a powerful and operational explanation. The Lamarckian view reflects a kind of striving to match environmental demands, whereas the Darwinian approach argued for natural selection and provided a more mechanistic generative pattern. Obviously natural selection had to be refined as the nature of inheritance became clarified. As we have seen, in spite of the complications due to phylogenetic, developmental and structural constraints, and genetic variants and other potential sources of noise, recognition of adaptation remains the key to an understanding of organismic diversity. It explains more than any other concept and its abandonment would sterilize biology.
